Background
Introduction
Streptococcus pneumoniae (pneumococcus) is an obligate colonizer of humans and is commonly isolated from the nasopharynx of children younger than 6 years old [1] . Before the availability of conjugate vaccines, pneumococci were responsible for an estimated 14.5 million episodes of serious pneumococcal disease worldwide, and for 11% of all the deaths among children [2] . In countries where seven-valent pneumococcal conjugate vaccine (PCV7-targeting serotypes 4, 6B, 9V, 18C, 19F and 23F of the 97 described to date) was introduced, a sustained decrease in the number of cases of invasive pneumococcal disease (IPD) was observed [3] . Among vaccinated children pneumococcal carriage has remained stable but extensive serotype replacement was found to occur [4, 5] . In 2010, a 13-valent conjugate vaccine (PCV13), targeting PCV7 types and six additional serotypes (1, 3, 5, 6A, 7F and 19A) was introduced and further declines in the incidence of IPD and serotype replacement in carriage have been documented [6] [7] [8] [9] .
Competition between serotypes has been cited as the most likely hypothesis to explain the emergence or expansion of serotypes, after decline of PCV7-serotypes, known as serotype replacement [5, 10] . Nonetheless, temporal oscillations in carriage of pneumococcal serotypes can be an additional factor to explain sudden changes in prevalence of non-vaccine as well as of vaccine-serotypes. Furthermore, since periodic cycles were observed for invasive pneumococcal disease [11] [12] [13] [14] we hypothesized that the same pattern may be occurring in carriage.
In this paper we investigated whether periodic cycles of carriage of pneumococcal serotypes exist among children and how PCV7 impacted on those cycles. We used a dataset spanning from the pre-vaccine era until the end of the PCV7 era (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . We show that the carriage of pneumococcal serotypes exhibits periodic cycles and these can explain counter-intuitive changes in prevalence of specific serotypes following PCV7 introduction. The results clearly demonstrate that to understand serotype replacement due to use of PCVs, not only PCVs, but also periodic serotype cycles, have to be taken into consideration.
Methods

Study setting
In Portugal, PCV7 became available in June 2001 and PCV13 in January 2010. The Portuguese Pediatric Society recommended vaccination of young children with PCV [15] Between 1996 and 2010 children up to six years old attending day-care centers in the urban region of Lisbon/Oeiras, Portugal were enrolled in the study as described elsewhere [16] . Briefly, a trained nurse obtained one nasopharyngeal sample, for each child. Sampling took place in the first three months of each year, between 1996 and 2010 with the exception of 2000, 2004, 2005 and 2008 when no sampling occurred. Data on demographic and clinical information were obtained from the child's guardians. Approval for this study was obtained from the Ministry of Education and the day-care centers directors. Signed informed consent was obtained from the parents or child's guardians. Children records were de-identified and analysed anonymously and the strains, not human subjects, were studied. Isolation and serotyping of pneumococcus was previously described [16] . Briefly, pneumococci were identified based on colony morphology, occurrence of α-hemolysis on blood agar plates and optochin susceptibility. Capsular type was determined by the Quellung reaction or by sequential multiplex PCR using primers previously described ( [17] and [18] . Suspected non-capsulated pneumococci (NT, non-typeable) were identified using a multiplex PCR-based strategy previously described [19] .
Trends of vaccine coverage and pneumococcal carriage PCV7 coverage per year in the study population was estimated as the ratio between the number of PCV7-vaccinated children and the total number of children sampled. The chi-squared test for trend in proportions was used to analyze the trends on vaccine coverage and on pneumococcal carriage. A Student's t-test was used to compare two mean values.
Periodic cycles of specific serotypes
Periodic cycles were investigated for all serotypes with a prevalence of at least 2.0% in each vaccine period (pre-, low-and high-, as defined below).
A mixed generalized additive model (GAM) [20] with a logit link was used to investigate whether periodic cycles in the prevalence of each serotype occurred. The initial model included as independent variables, the year of sampling, vaccine coverage, children's age and day-care center unit. However, since both the year of sampling and vaccine coverage were strongly correlated, this led to problems of singularity. To overcome the problem vaccine coverage was grouped into three periods (pre-vaccine (1996-2001) , low-vaccine coverage (2002) (2003) and high-vaccine coverage (2006) (2007) (2008) (2009) (2010) ). Day-care centers were included in the model as a random effect to account for possible clusters on pneumococcal serotype transmission. A cyclic version of a P-spline was used for the variable "year" and a random effect smooth spline was used for the variable "day-care center".
The model was fitted to the carriage data. For each serotype a model was fitted and used to explore the association between carriage of specific serotypes and PCV7 coverage. The strength of the associations was given in adjusted odds ratio (OR adj ) and the corresponding confidence interval at 95% (CI 95%). An OR was considered statistically significant when the confidence interval was below 1, indicating a protective factor for carriage, or above 1, indicating a risk factor for carriage. The goodness of fit of the model was assessed by the HosmerLemeshow test and the Akaike Criterium [20] .
The period of time including the pre-and low-vaccine period were used to uncover the occurrence of periodic peaks before extensive PCV7 use. Multi-taper spectral analysis and the harmonic F-test were used to test the significance of peaks in serotype carriage in that timeperiod [21] . Spectral analysis was applied to the detrended data, calculated by subtracting the fitted regression line from the original data. A second generalized linear model, in which age was the dependent variable and the vaccine period the independent variable, was used to explore the effect of vaccine coverage on children's age at carriage.
The statistical analyses were done using R version 3.1.1 [22] .
Results
Population characteristics, pneumococcal carriage and serotypes
Between 1996 and 2010, 7,463 nasopharyngeal samples were obtained from children attending 39 day-care centers. PCV7 coverage in the study population increased significantly from 0% in the pre-vaccine period, to 15.9% in the low-vaccine period, and 70.3% in the high vaccine period (P 0.001, Table 1 ). Overall, 63 capsular types and non-typeable isolates were identified. Serotype distribution was detailed elsewhere [16] . The prevalence of pneumococcal carriers and the most abundant serotypes at each period are indicated in Table 1 . Periodic cycles on the carriage prevalence of PCV7 serotypes PCV7 serotypes 4, 9V and 18C were carried infrequently (serotype 4 was not found, serotypes 9V and 18C were carried by less than 0.5% of the children) and were not analyzed. The prevalence of serotypes 6B, 14, 19F and 23F was found to be associated with the vaccine period after adjusting for the child's age, calendar year and day-care center (Table 2) . Specifically, the highvaccine period was associated with a significant decrease in the prevalence of serotypes 6B, 14 and 23F. Analysis of the pre-and low-vaccine periods showed periodic cycles for serotypes 14, 19F and 23F with inter-epidemic periods of 5.9, 3.5 and 5.9 years, respectively (Fig 1) . No significant periodic cycles were observed for serotype 6B. Of note, serotype 14 peaked in 2006-2007 (high-vaccine period) following the predicted cyclic pattern for this serotype albeit with a lower prevalence when compared to the pre-vaccine period (Fig 1) .
Comparison of the mean age of carriage of PCV7 serotypes between the high-vaccine and pre-vaccine periods indicated that it increased significantly for serotypes 6B (from 2.8 to 4.2 yrs), 19F (from 3.0 to 3.7 yrs) and 23F (from 2.9 to 3.9 yrs) ( Table 3 ). Overall age distribution (which was not different over time) and the proportion of carriage of specific serotypes within different age groups over time are shown in S1 Fig. Periodic cycles on the carriage prevalence of PCV13 serotypes not included in PCV7 Serotypes 1, 5, and 7F were carried infrequently (less than 2% of children) and were not analyzed. The prevalence of serotypes 6A and 19A was found to be associated with the vaccine period after adjusting for the child's age, calendar year and day-care center (Table 2) . Specifically, the high-vaccine period was associated with a significant increase in the prevalence of serotype 19A. No significant change was found in the prevalence of serotype 3 between vaccine periods.
Analysis of the pre-and low-vaccine periods showed periodic cycles for serotypes 3 and 6A with inter-epidemic periods of 2.9 and 4.4 years, respectively (Fig 1) . No significant cycles were observed for serotype 19A. Although PCV7 did not directly target these serotypes, during the high-vaccine period, carriage of serotype 6A, peaked one year earlier (2006) than expected and decreased significantly in 2009-2010. Also, serotype 3 peaked in 2009, one year later than the year predicted by the model and with a higher prevalence.
Comparison of the mean age of carriage of PCV13 serotypes not targeted by PCV7 between the high-vaccine and pre-vaccine periods indicated that the mean age of carriage decreased significantly for serotype 3 (from 4.4 to 3.9 yrs) ( Table 3, Periodic cycles on the prevalence of carriage of non-vaccine serotypes Serotypes 6C, 11A, 15A, 15B/C and NT were analyzed since these were the most frequently found in the dataset. The prevalence of serotypes 6C, 15B/C and NT was found to be associated with the vaccine period after adjusting for the child's age, calendar year and day-care center (Table 2) . Specifically, the high-vaccine period was associated with a significant increase in the prevalence of serotype 6C. Serotype 15B/C increased significantly from the pre-vaccine to the low-vaccine period. NT strains consistently increased overtime.
Analysis of the pre-vaccine and low-vaccine periods showed periodic cycles for serotypes 6C, 11A and NT with inter-epidemic periods of 5.9, 5.0 and 3.2 years, respectively (Fig 1) . In the high-vaccine period, after 2007, the observed prevalence of serotype 6C no longer followed the cyclic pattern predicted by the model (Fig 1) . For NT strains, in the high-vaccine period, a single peak was observed instead of the two peaks forecasted by the model. Comparison of the mean age of carriage of non-vaccine serotypes between the high-vaccine and pre-vaccine periods showed that the mean age of carriage decreased significantly for serotypes 11A (from 4.1 to 3.4) and 15A (from 3.0 to 2.6). No differences in the mean age of carriage for the other non-vaccine serotypes were found (Table 3, 
Discussion
To our best knowledge no study has looked at periodic cycles in pneumococcal carriage although those have been described in IPD [11] [12] [13] [14] . The main finding of our study are: (i) serotypes frequently carried can exhibit periodic cycles and these can be modeled; (ii) these cycles can be perturbed directly or indirectly upon interventions such as introduction of a PCV; and (iii) shifts in the mean age of carriage of specific serotypes can occur as a consequence of these perturbations.
Regarding the first finding we observed that, before use of PCV7, periodic cycles (ranging from 3 to 6 years) were noticeable for PCV7 types 14, 19F and 23F, and non-PCV7 types 3, 6A, 6C, 11A, and NT. These observations can be better contextualized in light of previous studies. It has been shown that, upon colonization, serotype-specific immunity develops for serotypes 6A, 11A, 14, and 23F decreasing the probability of subsequent colonization by the same serotype [23] [24] [25] [26] . In addition, a mathematical model aimed to simulate pneumococcal dynamics showed that when serotype-specific immunity occurs the prevalence of carriage has periodic peaks [26] . By contrast, serotype 19F is poorly immunogenic and less is known regarding serotypes 3, 6C and NT [23, 25] . Since these latter serotypes were also associated with periodic cycles, other mechanisms may be contributing to it [24, 26] .
No periodic cycles were detected for other abundant serotypes: 15A, 19A and 6B. This might be due to several reasons that can hinder or prevent detection of oscillations in time: (i) long inter-epidemic periods (for example for 6B and 19A); (ii) low prevalence in carriage before introduction of PCV7 (observed for serogroup 15) [26] ; and (iii) low serotype-specific immunity (described for serogroup 15) [25] .
In IPD changes in the distribution of specific serotypes have been observed overtime but periodic cycles have not been systematically studied [11] [12] [13] [14] . Still, a study from Denmark The trend in the mean age of carriage, for each serotype, was estimated from a generalized linear model in which age was a dependent variable and the vaccine period the independent variable.
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Periodic cycles of serotypes carried before and after 7-valent pneumococcal conjugate vaccine showed that serotypes 1, 2, 3 and 5 exhibited epidemic peaks in IPD every 2-3 years before 1960's, and peaks every 7-10 years thereafter; whereas serogroups/serotypes 15, 19A, 22F and 33 showed a fairly stable proportion of cases overtime [14] . The observation of these cycles in IPD is a good indication that this should also occur in carriage since carriage precedes disease [11] . Direct comparison between periodic cycles in carriage and IPD is, nonetheless, difficult and currently such analyses are lacking in the available literature. It would be of interest to analyze systematic analyses on periodic cycles in IPD and carriage where robust temporal series are available.
The second main finding of our study was the observation that PCV can affect periodic cycles not only directly, but also indirectly. In agreement with other studies we observed that, upon use of PCV7, the prevalence of vaccine serotypes 6B, 14, and 23F decreased significantly. Still, two puzzling observations were made: a peak on the carriage prevalence of serotype 14 was noted in 2007, and an increase in 19F was noted during the high-vaccine period. This has not been observed in countries where PCV7 was universally introduced [27] [28] [29] . The non-universal use of PCV7 in Portugal is probably on the basis of these differences. In fact, models of pneumococcal dynamics predict that in settings where vaccine coverage is not large enough to interrupt circulation of vaccine serotypes their re-emergence may occur [26] . Why this was observed for only two PCV7 serotypes is not totally understood but should result from a combination of factors such as host and vaccine-mediated serotype-specific immunity, competition between serotypes, the selective pressure of antibiotic use, and serotype-associated patterns of antimicrobial resistance.
Of interest, our results suggested an indirect impact of PCV7 on periodic cycles of non-PCV7 serotypes 3, 6A, 6C, 11A, 19A and NT. This indirect impact was translated in three ways: (i) a higher amplitude in the PCV7 period (serotypes 3 and 11A), (ii) sustained increase in the prevalence of carriage (serotypes 6C, 19A and NT) and (iii) an increase in the inter-epidemic period (serotypes 3, 6A and NT).
The higher amplitude of the serotype 3 periodic cycle during the high-PCV7 period contrasts with what was recently reported in the case of IPD in Denmark where no such differences were observed in the PCV7 era [30] . The increase in the inter-epidemic period of serotype 6A in the high-vaccine period has been explained by the need of high anti-6B antibody concentrations for protection against this serotype [31] .
Differences in the inter-epidemic period of specific serotypes between countries can result from several factors such as differences in: (i) the contact patterns among children [1] ; (ii) the circulating serotypes (with implications on serotype specific-and non-specific immunity) [26] and (iii) abiotic factors, such as UV radiation [32] . In one study a lower UV radiation was a major predictor of IPD. The authors attributed this to the direct effects of UV on pathogen survival [32] impacting on transmission and on the inter-epidemic period in carriage.
The third main finding of this study was the observation of significant changes in child's mean age of carriage of some serotypes. We observed an increase in the child's mean age of carriage of PCV7-serotypes 6B, 19F, and 23F. An increased prevalence of PCV7 serotypes in older ages has also been observed in other settings where PCV7 has been introduced [27] . In addition, significant changes were also observed in the child's mean age of carriage of serotypes 3, 6C, 11A and 15A, which became more frequent in ages previously associated with carriage of PCV7 serotypes. These shifts could be a consequence of an increase in the prevalence of those serotypes [33] and of the reduced circulation of competing PCV7-types that were previously occupying this niche [10, 26] . The increase in carriage of serotypes 6C and 19A has also been observed in other countries after PCV7 implementation [27, 29, 34] but no details on shifts in the mean age of carriage were provided. Nonetheless, it is known that in IPD an age-related serotype distribution exists [35] [36] [37] as well as in carriage. In the absence of PCV7, it has been observed that PCV7 serotypes tend to peak in prevalence at 2 years of age and non-PCV7 serotypes at 4 years of age [38] .
This study has some limitations inherent to the type of data that was used. Firstly, the time series was relatively short (15 years) . This prevented use of standard methods of time series analysis and possibly did not enable detection of inter-epidemic periods for some serotypes. We tried to overcome these limitations by using multi-taper spectral analysis, which reduces estimation bias in the identification of peaks of short time series. Secondly, we used a convenience sample that may not be fully representative of the serotypes circulating in the population since only day-care centers were sampled. Ideally, a broader sample of the community would be desirable. Still, we consider that our sample was a good proxy of the serotypes circulating in the population for several reasons: (i) our studies included, at all time points, a diverse range of day-care centers which covered the different social strata that exist in Portugal; (ii) in Portugal the majority of young children attend day care centers and the trend is continuously increasing overtime (e.g., 75% in 2001 and 85% by 2010) [39] ; (iii) several studies have shown that day-care centers are key major reservoirs of pneumococci contributing decisively to the community levels of pneumococcal carriage [1, [40] [41] [42] . Finally, there may have been clustering of specific serotypes circulating in each day-care center. We dealt with this problem by correcting the variance in the regression models always including day-care center as a random variable. We also analyzed the presence of clusters every time we detected a significant peak in the time series.
In conclusion, ours findings provide evidence that carriage of pneumococcal serotypes can exhibit periodic cycles, which may imply that if PCV's coverage is not sufficiently high to interrupt transmission of PCV-serotypes, peaks of VTs with smaller amplitude and longer interepidemic period can occur. These peaks will include a higher proportion of older non-immunized children when compared with the pre-vaccine period and may imply that IPD patterns may change. Moreover, PCVs impact not only on PCV-serotypes but also affect the periodic cycles of non-PCV types. While the reasons underlying such effects are not fully understood, they likely reflect the results of complex intra-species interactions (between pneumococci of different serotypes) and of host-immunity. The results of this study should be taken into account when interpreting surveillance data on pneumococcal carriage. 
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